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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  A  newly  synthesized  Co— Mo— B 
catalyst  is  reported. 

►  The  catalyst  exhibits  remarkably 
catalytic  activity  to  hydrolysis  reac¬ 
tion  of  NaBH4. 

►  A  hydrogen  generation  system  is 
composed  of  NaBH4  solution,  cata¬ 
lyst  and  A1  powder. 

►  This  system  can  yield  >6  wt%  H2 
with  fast  kinetics  and  high  fuel 
conversion. 
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Catalyst  study  is  a  central  issue  in  the  development  of  sodium  borohydride  (NaBH4)-based  hydrogen 
generation  systems.  Here,  we  report  the  preparation,  characterization  and  utilization  of  a  novel  cobalt 
-molybdenum-boron  (Co-Mo-B)  catalyst.  Our  study  found  that  the  Co-Mo-B  catalyst  prepared  by 
chemical  reduction  method  using  an  ethylene  glycol  solution  of  cobalt  chloride  exhibits  remarkably 
higher  catalytic  activity  than  the  Co— B  and  Co— Mo— B  catalysts  prepared  in  aqueous  solution.  On  the 
basis  of  the  phase,  microstructure  and  elemental  chemical  state  analyses,  the  mechanistic  reasons  for  the 
improved  performance  of  the  newly  prepared  Co— Mo— B  catalyst  were  discussed.  Our  study  demon¬ 
strated  that  the  combined  usage  of  concentrated  NaBH4  solution,  Co-Mo-B  catalyst  and  a  small  amount 
of  A1  powder  constitutes  a  high-performance  hydrogen  generation  system,  which  can  yield  >6  wt% 
hydrogen  with  fast  kinetics  and  high  fuel  conversion. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  widespread  implementation  of  hydrogen  fuel  cell  tech¬ 
nology  requires  advanced  hydrogen  storage  materials  that  can  store 
and  deliver  large  amounts  of  hydrogen  at  moderate  temperatures 
with  fast  kinetics.  Extensive  studies  on  interstitial  metal  hydrides 
and  complex  hydrides  have  led  to  no  viable  material  that  can 
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reversibly  store  over  6  wt%  hydrogen  at  relevant  conditions  to  the 
practical  operation  of  proton  exchange  membrane  fuel  cell  [1]. 
Considerable  recent  efforts  were  therefore  directed  toward  the 
development  of  H-rich  chemical  hydrides  as  potential  hydrogen 
carriers  for  vehicular  and  portable  applications  [2-7]. 

NaBH4  +  (2+x)H20^!^tNaB02xH20  +  4H2T  +210kJ  (1) 

Sodium  borohydride  (NaBH4)  is  a  representative  chemical 
hydride  [3—6],  which  reacts  with  water  to  generate  H2  and  sodium 
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metaborate  (NaBCy  following  Eqn.  (1),  where  x  denotes  the 
number  of  water  of  hydration.  In  the  past  decade,  significant 
progress  has  been  made  in  developing  NaBH4-based  hydrogen 
generation  (HG)  system.  A  number  of  noble  or  non-noble  transition 
metals/alloys/salts  [8-30]  have  been  identified  to  be  catalytically 
active  toward  the  hydrolysis  reaction  of  NaBH4.  Concurrently, 
a  series  of  prototype  HG  generators/systems  have  been  demon¬ 
strated  that  possess  power  levels  ranging  from  a  few  watts  to 
kilowatts  [9-11,17].  In  addition,  evolutionary  advances  have  been 
achieved  in  regeneration  chemistry  [31,32],  which  may  potentially 
allow  efficient  recycle  of  spent  fuel  back  to  borohydride.  But  in  spite 
of  these  technological  advances,  NaBH4-based  HG  systems  are  still 
limited  for  vehicular  applications  [33,34].  This  is  primarily  due  to 
the  low  effective  hydrogen  capacity  of  the  system  and  the  prohib¬ 
itively  high  hydrogen  cost.  The  former  originates  from  the  solubility 
limitation  of  NaB02  in  aqueous  solution  [34,35]  and  the  presence  of 
“dead  weight”  water  of  hydration.  The  latter  should  be  essentially 
ascribed  to  the  lack  of  energy-efficient  and  cost-effective  regener¬ 
ation  route  [33]. 

The  negative  judgment  made  by  US  Department  of  Energy  in 
2007  [33]  frustrated  the  efforts  in  developing  NaBH4  as  a  trans¬ 
portation  fuel,  but  it  did  not  extinguish  the  research  interest  in  the 
NaBH4-based  HG  system  [34].  Recently,  several  strategies  have 
been  employed  to  address  the  key  problems  of  the  NaBH4-based 
HG  system.  Use  of  solid  NaBH4  to  react  with  water  can  alleviate  the 
solubility  limitation  [12,15,36,37],  yielding  higher  hydrogen 
capacity  than  the  conventional  solution-based  hydrolysis  systems. 
Combined  usage  of  NaBH4  and  aluminum  (Al)  can  effectively 
improve  the  HG  performance  and  meanwhile,  reduce  the  hydrogen 
cost  [38-40].  Quite  recently,  our  study  further  found  that  using 
highly  active  catalyst  makes  it  possible  to  obtain  high  hydrogen 
capacity  from  the  aqueous  solution  containing  high  concentration 
of  NaBH4.  Since  the  hydrolysis  reaction  of  NaBH4  is  highly 
exothermic,  the  rapid  proceeding  of  the  hydrolysis  reaction  will 
cause  rapid  temperature  rising  of  the  fuel  solution,  and  thereby 
increasing  the  solubility  of  NaBC>2  in  the  aqueous  solution. 

In  the  present  study,  we  employed  a  combination  of  catalysis 
and  dual-fuel  strategies  to  improve  the  HG  performance  of  the 
NaBH4-based  system.  Our  study  found  that  the  Co-Mo-B  catalyst 
prepared  by  a  chemical  reduction  method  using  an  ethylene  glycol 
solution  of  cobalt  chloride  (C0CI2)  is  highly  active  toward  the 
hydrolysis  reaction  of  NaBH4.  Even  for  a  concentrated  fuel  solution 
containing  30  wt%  NaBH4,  the  usage  of  Co-Mo-B  catalyst  enabled 
a  100%  fuel  conversion.  When  the  Co-Mo-B  catalyst  was  used  in 
combination  with  a  small  amount  of  Al  powder,  the  constituted 
system  can  rapidly  release  6.2  wt%  hydrogen  within  around  5  min. 
The  favorable  combination  of  high  hydrogen  capacity,  fast  HG 
kinetics,  high  fuel  conversion  and  safe  fuel  storability,  makes  the 
newly  developed  system  very  promising  for  portable  hydrogen 
storage  applications. 

2.  Experimental 

2.1.  Chemicals  and  preparation  of  the  catalysts 

NaBH4  (96%  purity),  sodium  hydroxide  (NaOH,  96%),  cobalt 
chloride  hexahydrate  (C0CI26H2O,  99%)  sodium  molybdate 
dihydrated  (Na2Mo04-2H20,  99%)  and  ethylene  glycol  (99%)  were 
purchased  from  Sinopharm.  Al  powder  (-325  mesh,  99%),  Co 
powder  (99.9%),  Mo  powder  (99.9%),  CoO  powder  (95%),  M0O2 
powder  (99.5%)  and  M0O3  powder  (99.95%)  were  purchased  from 
Alfa  Aesar.  All  reagents  were  used  as  received.  Deionized  water  was 
used  in  preparation  of  all  the  aqueous  solutions. 

The  Co-Mo-B  catalysts  were  prepared  by  chemical  reduction 
method  using  two  solutions:  the  aqueous  or  ethylene  glycol 


solution  A  containing  0.25  M  C0CI2;  the  aqueous  solution  B  con¬ 
taining  1  M  NaBH4, 0.25  M  NaOH  and  0-0.05  M  Na2Mo04.  Here,  the 
concentration  of  Na2Mo04  was  varied  to  adjust  the  Mo  content  of 
the  catalyst.  The  addition  of  Na2Mo04  in  solution  B  instead  of 
solution  A  was  to  minimize  the  formation  of  M0O3  precipitate  via 
the  reaction  between  Na2Mo04  and  CoCl2.  In  a  typical  run,  50  mL  of 
solution  A  was  first  added  in  a  beaker,  followed  by  dropwise 
addition  of  equal  volume  of  solution  B  using  a  pressure-equalizing 
dropping  funnel.  The  solution  was  kept  undisturbed  under 
magnetic  stirring  until  the  gas  bubbling  ceased.  After  the  reaction 
completed,  the  black  precipitate  was  magnetically  separated  from 
the  solution,  and  then  washed  thoroughly  with  deionized  water 
and  ethanol  to  remove  the  residual  Na+,  BH4_,  B02_,  Mo042~  and 
Cl-  ions.  For  comparison,  the  Co-B  catalyst  was  prepared  following 
the  same  procedure.  The  catalyst  samples  were  finally  dried  at 
40  °C  under  dynamic  vacuum  for  48  h.  The  chemical  reactions 
involved  in  the  catalyst  preparation  process  can  be  described  by 
Eqns.  (2)— (5). 

BH4-  +  2C02+  +  40H“  ^B02“  +  2Co|  +  2H2  f  +  2H20  (2) 

2BH4- +2H20^2B| +20H- +  5H2t  (3) 

3BH4-  +2Mo042-  +2H20^3B02^  +2Moi  +6H2t  +40H- 

(4) 

BH4"  +2H20^B02-  +4H2t  (5) 


2.2.  Characterization  and  HG  performance  testing 

The  catalyst  samples  were  characterized  by  powder  X-ray 
diffraction  (XRD,  Rigaku  D/MAX-2500,  Cu  Kcl  radiation),  trans¬ 
mission  electron  microscopy  (TEM,  FEI  Tecnai  F20)  and  X-ray 
photoelectron  spectroscopy  (XPS,  ESCALAB  250,  Al  I<ol  X-ray 
source).  In  preparation  of  the  TEM  sample,  the  catalyst  powder  was 
first  dispersed  in  ethanol  solution  by  ultrasound  and  then  depos¬ 
ited  on  a  holey  carbon  film  supported  on  a  copper  grid.  In  the  XPS 
measurements,  high-resolution  scans  of  elemental  lines  were 
recorded  at  50  eV  pass  energy  of  the  analyzer.  All  the  binding 
energies  were  calibrated  using  the  C  Is  peak  (at  284.6  eV)  of  the 
adventitious  carbon  as  an  internal  standard.  The  curve  fitting  was 
performed  using  XPS  PEAK  4.1  software.  After  being  degassing  at 
463  I<  for  12  h,  the  catalyst  samples  were  measured  by  N2 
adsorption  at  77  K  using  the  Brunauer— Emmett-Teller  (BET) 
method  in  a  Micromeritics  ASAP  2010  apparatus  to  determine  the 
specific  surface  areas  (SSA).  Element  analyses  of  the  catalyst 
samples  were  conducted  in  an  inductively  coupled  plasma-atomic 
emission  spectrometry  (ICP-AES,  Iris  Intrepid).  The  magnetization 
measurements  were  made  in  a  Quantum  Design  MPMS-7DC 
magnetometer  under  a  magnetic  field  of  0-10,000  Oe  at  298  K. 

The  HG  performance  testing  was  conducted  in  a  250  mL  three- 
neck  flask.  Unless  specified  otherwise,  the  flask  was  placed  in 
a  thermostat  that  was  equipped  with  a  water  circulating  system  to 
maintain  the  reaction  temperature,  typically  within  ±0.5  °C.  In 
a  typical  measurement  run,  the  NaBH4  aqueous  solution  was  pre¬ 
heated  and  held  at  the  designated  temperature,  and  then  the 
powdery  catalyst  attached  on  a  magnetic  stirring  bar  was  dropped 
into  the  solution  to  initiate  the  hydrolysis  reaction.  In  the  case  of 
the  system  using  Al  powder  as  additional  solid  fuel,  Al  powder  was 
added  together  with  the  catalyst.  The  generated  hydrogen  gas 
passed  through  a  trap/heat  exchanger  to  cool  to  room  temperature 
followed  by  contacting  with  a  silica  drier  to  remove  water  vapor. 
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The  HG  rate  was  measured  using  an  online  mass  flow  meter  (Seven 
Star  Huachuang,  MFM  D07— 7BM,  with  an  accuracy  of  ±2%)  that 
was  equipped  with  a  computer.  The  HG  volume  was  calculated  by 
integrating  the  measured  HG  rate  over  time.  The  reaction  temper¬ 
ature  was  monitored  using  a  thermocouple  inserted  in  the  fuel 
solution  and  recorded  using  an  online  recorder. 

3.  Results  and  discussion 

3.1  Study  of  catalytic  properties  of  Co-Mo-B  and  relevant 
catalysts 

In  the  present  study,  we  prepared  three  Co-based  catalysts  using 
chemical  reduction  method.  Property  examination  found  that  both 
elemental  composition  and  solvent  choice  in  the  preparation 
process  exert  profound  effects  on  the  catalytic  activity  of  the 
catalysts.  As  seen  in  Fig.  1,  the  Co-Mo-B  catalysts  show  higher 
catalytic  activity  than  the  Co-B  catalyst  toward  the  hydrolysis 
reaction  of  NaBH4.  Particularly,  the  Co-Mo-B  catalyst  that  was 
prepared  using  an  ethylene  glycol  solution  of  C0CI2  (denoted  as  Co- 
Mo-B  (EG)  hereinafter)  exhibits  a  remarkably  higher  activity  than 
the  catalyst  prepared  in  aqueous  solution  (denoted  as  Co-Mo-B 
(AQ)  hereinafter).  The  HG  kinetics  curves  all  show  a  nearly  linear 
increase  of  HG  volume  with  the  reaction  time,  suggesting  that  the 
HG  from  the  three  systems  using  different  catalysts  involve  similar 
reaction  mechanisms.  Similar  quasi-zero-order  kinetics  was  also 
observed  in  the  NaBH4-based  systems  with  the  presence  of 
powdery  catalysts  [41,42]. 

Our  study  found  that  the  catalytic  activity  of  the  Co-Mo-B  (EG) 
catalyst  can  be  further  improved  by  properly  adjusting  the  Mo 
content.  Fig.  2  presents  the  dependence  of  the  HG  rate  of  the 
catalyzed  system  on  the  Mo  content  of  the  catalyst.  It  was  found 
that  the  Co-Mo-B  catalyst  containing  about  6.4  mol%  Mo  exhibits 
the  maximum  catalytic  activity.  By  using  this  catalyst,  the  aqueous 
solution  containing  5  wt%  NaBH4  and  5  wt%  NaOH  can  yield  H2  at 
a  rate  of  19  L  min-1  g-1  (Co-Mo-B)  at  30  °C,  which  corresponds  to 
a  turnover  frequency  of  about  2356  h-1  [43].  As  seen  in  Table  1,  this 
stands  out  as  the  top  level  of  the  known  non-noble  metal  catalysts 
and  is  comparable  to  the  performance  of  noble  metal  catalysts.  The 
Co-Mo-B  catalyst  with  optimized  composition  was  used  in  the 
subsequent  studies. 

Next,  we  studied  the  hydrolysis  kinetics  of  NaBH4  with  the 
presence  of  the  optimized  Co-Mo-B  catalyst.  To  minimize  the 


Fig.  1.  A  comparison  of  HG  kinetics  of  the  system  composed  of  10  g  of  5  wt% 
NaBH4  +  5  wt%  NaOH  solution  with  the  presence  of  20  mg  of  difference  catalysts  at 
30  °C.  The  inset  shows  the  HG  rate  of  the  systems  using  different  catalysts. 


Fig.  2.  Effect  of  Mo  content  of  the  Co-Mo-B  (EG)  catalyst  on  the  HG  rate  of  the  system 
composed  of  10  g  of  5  wt%  NaBH4  +  5  wt%  NaOH  solution  and  20  mg  of  catalyst  at 
30  °C. 


temperature  fluctuation  of  the  fuel  solution,  we  conducted  the 
measurements  using  dilute  NaBH4  solution  (5  wt%  concentration) 
and  reduced  the  quantity  of  the  catalyst  to  5  mg.  Fig.  3  gives  the  HG 
kinetics  curves  of  the  alkaline  NaBH4  solution  at  temperatures 
ranging  from  30  to  50  °C.  As  expected,  the  HG  rate  increases  with 
elevating  the  solution  temperature.  In  all  cases,  the  catalytic 
hydrolysis  reaction  follows  zero-order  kinetics  with  respect  to 
NaBH4  concentration.  On  the  basis  of  the  HG  rates  at  the  varied 
temperatures,  the  apparent  activation  energy  of  the  hydrolysis 
reaction  of  NaBH4  with  the  presence  of  Co-Mo-B  (EG)  catalyst  was 
determined  to  be  33.3  kj  mol-1.  This  value  compares  favorably  with 
the  literature  results  of  the  Ru/IRA-400  catalyst  (47  kj  mol-1)  [8], 
the  Co-Cr-B  catalyst  (37  kj  mol-1)  [23],  Co-B  nanoparticles 
(43.1  kj  mol-1)  [26]  and  Co-Mo-B  catalyst  (39  kj  mol-1)  [27]. 

In  addition,  the  newly  developed  Co-Mo-B  catalyst  was  tested 
in  terms  of  durability  in  cyclic  usage.  After  the  catalytic  hydrolysis 
reaction,  the  used  catalyst  was  separated  magnetically  from  the  by¬ 
product  solution,  and  then  washed  thoroughly  with  deionized 
water  for  re-usage.  The  testing  results  presented  in  Fig.  4  clearly 
show  the  robustness  of  the  Co-Mo-B  catalyst.  Even  at  its  10th  time 
usage,  the  catalyst  retained  ~  90%  activity  and  enabled  a  98%  fuel 


Table  1 

A  comparison  of  the  HG  rates  of  the  systems  using  the  Co— Mo— B  (EG)  and  other 
catalysts  from  open  literature. 


Catalyst 

Reaction  condition 

T  (°C)  NaBH4 

(wt%) 

NaOH 

(wt%) 

HG  rate 

(L  min-1  g-1  cat.) 

Ref. 

Ru/IRA-400 

55 

20 

10 

22 

[8] 

Ru60Co40 

25 

10 

4 

17.5 

[9] 

Ru6oCo2oFe2o 

25 

10 

4 

26.8 

[9] 

Pt/Co304 

25 

0.4 

- 

10.4 

[13] 

Ni-B 

25 

1.5 

10 

0.23 

[14] 

Co-B 

25 

20 

5 

0.88 

[18] 

Co-W-B/Ni 

foam 

30 

20 

5 

15 

[20] 

Co/C 

20 

1 

10 

10.4 

[24] 

Co-B/Ni  foam 

30 

20 

10 

11 

[25] 

Co-B  (EG) 

25 

3 

5 

4.93 

[26] 

Co-Mo-B  (AQ) 

25 

0.1 

0.4 

2.9 

[27] 

Co-Mo-Pd-B 

25 

0.6 

5 

6.0 

[29] 

Co-Mo-B  (EG) 

30 

5 

5 

19 

This 

paper 
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Fig.  3.  HG  kinetics  curves  of  the  system  composed  of  5  wt%  NaBH4  +  5  wt%  NaOH 
solution  and  5  mg  of  Co-Mo-B  (EG)  catalyst  at  varied  temperatures.  The  inset  shows 
the  Arrhenius  treatment  of  the  temperature-dependent  HG  rate  constant  (/(),  which 
determined  the  apparent  activation  energy  of  the  hydrolysis  reaction  of  NaBH4  with 
the  presence  of  Co-Mo-B  (EG)  catalyst. 

conversion.  The  slight  degradation  in  the  catalytic  activity  and  fuel 
conversion  should  be  mainly  caused  by  the  loss  of  the  fine  catalyst 
powder  during  the  washing  process. 

3.2.  Characterization  of  microstructure  and  element  chemical  state 
of  Co-Mo-B  catalyst 

A  combination  of  phase,  microstructure  and  elemental  chemical 
state  analyses  has  been  conducted  to  understand  the  superior 
catalytic  activity  of  Co-Mo-B  (EG)  catalyst,  particularly  in 
comparison  with  the  relevant  Co-B  and  Co-Mo-B  (AQ)  catalysts. 
Fig.  5  presents  the  XRD  patterns  of  the  as-prepared  Co-B  (AQ),  Co- 
Mo-B  (AQ)  and  Co-Mo-B  (EG)  catalysts.  All  the  three  catalysts 
exhibit  a  broad  and  featureless  peak  at  around  28  =  45°,  indicating 
their  amorphous  and/or  nanocrystalline  structure.  A  close  exami¬ 
nation  by  the  HRTEM  further  found  that  the  catalysts  are  actually 
mixtures  of  nanocrystalline  and  amorphous  phases.  As  seen  in 
Fig.  6,  tiny  nanocrystallites  with  random  orientation  and  a  size  of 
1  —5  nm  are  embedded  in  an  amorphous  matrix.  According  to  the 


Fig.  4.  Cyclic  performance  of  the  Co-Mo-B  (EG)  catalyst  in  catalyzing  the  hydrolysis 
reaction  of  NaBH4  employing  a  10  g  of  10  wt%  NaBH4  +  5  wt%  NaOH  solution  with  the 
presence  of  20  mg  catalyst  at  30  °C. 


20  '  30  '  40  '  50  '  60  '  70  '  80 

2-Theta  (deg.) 


Fig.  5.  XRD  patterns  of  the  as-prepared  (a)  Co-B  (AQ),  (b)  Co-Mo-B  (AQ)  and  (c)  Co- 
Mo-B  (EG)  catalysts. 

selected-area  electron  diffraction  (SAED)  results,  these  nano¬ 
particles  should  be  assigned  to  metallic  Co.  This  finding  agrees  well 
with  the  literature  reports  by  Geng  et  al.  [44]  and  Arzac  et  al.  [45]. 
Their  careful  studies  have  elucidated  the  “core-shell”  microstruc¬ 
ture  of  the  Ni— B  and  Co-B  catalysts,  wherein  the  multi-component 
amorphous  phases  composed  of  borides  and  oxides  protect  the 
nanocrystalline  metallic  core  from  growth  and  oxidation.  This 
novel  microstructure  feature  may  explain  the  high  catalytic  activity 
and  long-term  stability  of  the  catalysts.  But  so  far  no  evidence  has 
been  obtained  to  show  the  microstructure  difference  among  the 
three  catalyst  samples  that  may  account  for  their  significantly 
different  catalytic  activities. 

Fig.  7  presents  the  TEM  images  of  the  catalyst  samples.  It  was 
observed  that  the  three  catalyst  samples  showed  no  substantial 
difference  on  the  particle  sizes,  but  show  decreased  agglomeration 
in  the  order  of  Co-B  (AQ)  >  Co-Mo-B  (AQ)  >  Co-Mo-B  (EG).  This 
is  consistent  with  the  BET  results,  which  determined  an  increase  of 
SSA  in  the  order  of  Co-B  (AQ)  <  Co-Mo-B  (AQ)  <  Co-Mo-B  (EG), 
as  seen  in  Table  1.  Presumably,  the  variations  of  particle  agglom¬ 
eration  degree  and  SSA  are  associated  with  the  differing  magnetism 
of  the  catalyst  samples.  This  is  supported  by  the  magnetization 
measurements,  which  determined  the  saturation  magnetization  of 
the  Co-B  (AQ),  Co-Mo-B  (AQ)  and  Co-Mo-B  (EG)  catalysts  to  be 
41.1,  37.2  and  34.0  emu  g  1  (catalyst),  respectively.  The  incorpora¬ 
tion  of  the  non-ferromagnetic  Mo  element  causes  decline  of 
magnetization  property.  This  may  well  account  for  the  alleviation 
of  particle  agglomeration  and  increase  of  SSA  of  Co-Mo-B  catalysts 
relative  to  Co-B  catalyst.  In  addition,  the  ethylene  glycol  solvent 
used  in  the  preparation  process  should  also  play  a  stabilizer  role  in 
alleviating  the  particle  agglomeration  [26].  As  a  consequence,  the 
Co-Mo-B  (EG)  catalyst  shows  larger  SSA  value  than  the  Co-Mo-B 
(AQ)  catalyst. 

Further  study  found  that,  besides  SSA,  elemental  chemical  state 
is  another  possible  factor  that  causes  difference  in  catalytic  activity 
of  the  catalyst  samples.  Fig.  8  presents  the  XPS  spectra  of  three 
catalysts  and  the  reference  samples,  from  which  the  binding  energy 
(BE)  of  the  surface  elements  and  likely  formed  compounds  were 
determined  and  summarized  in  Table  2.  The  as-prepared  catalysts 
exhibit  considerable  surface  oxidation,  as  evidenced  by  the  clear 
identification  of  CoO  or  Co(OH)2,  M0O2/M0O3  and  B2O3  species 
[27,46-49].  But  meanwhile,  the  signals  from  metallic  Co  and  Mo 
remain  very  strong,  which  dominate  the  respective  XPS  spectra. 
Among  the  three  constituent  elements,  Mo  is  the  lightest  oxidized 
one.  This  is  in  great  contrast  to  the  literature  results  of  the  Co-Mo- 
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Fig.  6.  HRTEM  images  and  SAED  patterns  of  (a)  Co-B  (AQ),  (b)  Co-Mo-B  (AQ)  and  (c)  Co-Mo-B  (EG)  catalysts. 


B  catalyst.  According  to  Chen  et  al.  [48]  and  Wang  et  al.  [49],  the 
Mo-dopant  in  their  Co-Mo-B  catalysts  was  mainly  present  in  the 
form  of  M0O2/M0O3.  Presumably,  the  substantial  difference  in  the 
chemical  state  of  Mo  should  come  from  the  variation  of  preparation 
conditions  of  the  catalyst  samples.  In  the  literature  works  [48,49], 
the  acidic  Co2+  and  alkaline  Mo042^  salts  were  mixed  in  the  same 
aqueous  solution,  resulting  in  the  generation  of  precipitate  in  the 
absence  of  the  complex  agent.  In  contrast,  the  Co2+  and  Mo042_ 
salts  were  dissolved  in  two  separate  solutions  in  the  present  work. 
When  the  reaction  occurs  upon  mixing  the  two  solutions,  the 
reduction  of  metallic  Co  may  induce  the  co-deposition  of  metallic 
Mo  [50—52].  Meanwhile,  the  reaction  between  Na2Mo04  and  C0CI2 
may  also  occur,  resulting  in  the  formation  of  M0O2  and  M0O3. 
Judging  from  the  relative  intensities  of  the  oxidized  species  in  the 
resolved  spectra,  the  surface  oxidation  degrees  of  the  Co-Mo-B 
catalysts  are  much  less  than  that  of  the  Co-B  catalyst.  This  is 
another  indication  of  the  antioxidation  role  of  elemental  Mo.  In 
addition,  careful  examination  of  the  resolved  spectra  found  that  the 
surface  oxidation  degree  of  the  Co-Mo-B  (EG)  catalyst  is  slightly 
lower  than  that  of  Co-Mo-B  (AQ)  catalyst.  Presumably,  this  should 
be  attributed  to  the  usage  of  ethylene  glycol  in  the  preparation 
process,  which  protects  the  catalyst  surface  from  oxidation  by 
water.  According  to  the  ICP-AES  and  XPS  results  (as  given  in 
Table  2),  the  two  Co-Mo-B  catalysts  prepared  using  different 
solvents  are  of  quite  similar  composition.  In  this  case,  the  reduced 
surface  oxidation  generally  means  increased  catalytic  activity. 

Analysis  of  the  XPS  spectra  found  that  the  incorporation  of  Mo 
into  the  Co-B  catalyst  results  in  small  but  significant  changes  of  the 


BEs  of  the  constituent  elements.  As  seen  in  Fig.  8,  the  B  Is  BE  of  the 
Co-B  catalyst  is  positively  shifted  by  0.9  eV  in  comparison  with  the 
BE  of  B°  (187.2  eV)  [27,46-49].  But  in  the  Co-Mo-B  catalysts,  the 
positive  shift  of  the  B  1  s  BE  was  reduced  to  0.1  -0.2  eV.  This  implies 
a  reduced  electron  donation  from  B.  Meanwhile,  we  observed  that 
the  Co  2p3/2  BE  is  negatively  shifted  from  778.4  eV  for  the  Co-B 
catalyst  to  777.7-777.8  eV  for  the  Co-Mo-B  catalysts,  which 
means  an  increased  electron  acceptance  from  other  element(s).  A 
combination  of  these  results  clearly  suggests  that  Mo  acts  as 
another  electron  donor  in  the  Co-Mo-B  catalysts.  This  is 
confirmed  by  the  observed  positive  shift  of  Mo  3ds/2  BE  relative  to 
the  BE  of  metallic  Mo°  (227.8  eV)  [47].  Careful  comparison  of  the 
XPS  results  of  the  two  Co-Mo-B  catalysts  further  found  that  the 
Co-Mo-B  (EG)  catalyst  exhibited  an  increased  negative  shift  of  Co 
2p3/2  BE,  an  increased  positive  shift  of  Mo  3ds/2  BE  and  a  decreased 
positive  shift  of  B  1  s  BE  relative  to  the  Co-Mo-B  (AQ)  catalyst.  Such 
BE  shifts  imply  an  increased  4d  electron  transfer  from  Mo  to  the 
vacant  d-orbital  of  Co.  According  to  the  classic  model  proposed  by 
Holbrook  and  Twist  [53],  the  interaction  between  the  BH4_  ions 
and  catalyst  (M)  surface  is  a  key  step  in  the  catalyzed  hydrolysis  of 
NaBH4.  In  the  resulted  M— BH4_  intermediate  complex,  the  valence 
electrons  of  the  metal  catalyst  may  enter  the  antibonding  orbital  of 
BH4_  ions  [54],  resulting  in  the  weakening  of  the  covalent  B-H 
bond.  In  this  case,  increasing  the  electron  density  of  the  active 
center  should  facilitate  the  dissociation  of  the  adsorbed  BH4_.  But 
on  the  other  hand,  overhigh  electron  density  of  the  catalyst  may 
negatively  impact  the  chemisorption  of  BH4~  on  the  catalyst 
surface  [55].  Therefore,  properly  tuning  the  electron  density  of  the 


Fig.  7.  TEM  images  of  the  catalysts:  (a)  Co-B  (AQ);  (b)  Co-Mo-B  (AQ);  (c)  Co-Mo-B  (EG). 
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Fig.  8.  XPS  spectra  of  the  catalyst  and  reference  samples:  (a)  Co-B  (AQ);  (b)  Co-Mo-B  (AQ);  (c)  Co-Mo-B  (EG). 


d-band  center  of  the  catalyst  is  crucial  for  maximizing  its  catalytic 
activity.  This  may  provide  a  possible  explanation  for  the  observa¬ 
tion  of  an  optimal  Mo  content  in  the  Co-Mo-B  catalyst. 

The  aforementioned  studies  suggest  that  the  distinct  property 
advantage  of  the  Co-Mo-B  (EG)  catalyst  over  the  relevant  Co-B 
(AQ)  and  Co-Mo-B  (AQ)  catalysts  should  be  mainly  attributed  to 
the  modification  of  electronic  structure  arising  upon  incorporation 
of  Mo.  In  addition,  the  alleviated  particle  agglomeration  and 
reduced  surface  oxidation  should  also  contribute  to  the  superior 
catalyst  activity  of  the  Co-Mo-B  (EG)  catalyst.  But  the  mechanistic 
reason(s)  for  the  high  intrinsic  catalytic  activity  of  the  Co-Mo-B 


(EG)  catalyst,  particularly  the  remarkable  property  difference 
arising  upon  changing  the  solvent  in  the  preparation  process 
remain  open  questions.  In  this  regard,  coupled  theoretical  and 
experimental  studies  are  still  required. 

3.3.  Development  of  high-performance  hydrogen  generation  system 
using  Co—Mo—B  (EG)  catalyst  and  Al  powder 

Low  hydrogen  capacity  is  one  of  the  major  problems  that  limit 
the  practical  application  of  NaBH4-based  HG  systems.  Owing  to  the 
concern  over  the  solubility  limitation  of  NaB02,  most  literature 


Table  2 


Results  of  the  reference  samples  and  Co-B  (AQ),  Co-Mo-B  (AQ)  and  Co-Mo-B  (EQ)  catalysts  from  XPS,  ICP-AES,  magnetization  and  BET  measurements. 

Sample 

Composition  (mol%) 

Magnetization 
(emu  g"1) 

Sbet  (m2  g  a) 

Element 

Peak  BE  (eV) 

Likely  metal/ 
compound 

ICP  result 

XPS  result 

Co  powder 

Co  2p3/2/2pi/2 

778.0/793.0 

Co0 

CoO  powder 

Co  2p3/2/2p1/2 

779.5/795.3 

CoO 

786.4/802.8 

Mo  powder 

Mo  3d5/2/3d3/2 

227.8/230.9 

Mo° 

M0O2  powder 

Mo  3d5/2/3d3/2 

229.5/232.7 

Mo02 

M0O3  powder 

Mo  3d5/2/3d3/2 

232.6/235.8 

M0O3 

Co-B  (AQ) 

C069B31 

C065.2B34.8 

41.1 

23.0 

Co  2p3/2/2pi/2 

778.4/793.4 

Co0 

781.2/796.7 

CoO/Co(OH)2 

786.4/802.2 

B  Is 

188.1 

B° 

192.2 

B203 

Co-Mo-B  (AQ) 

C065.7M05.6B28.7 

C058.9M06.2B34.9 

37.2 

32.2 

Co  2p3/2/2p1/2 

777.8/792.9 

Co0 

781.0/796.5 

CoO/Co(OH)2 

Mo  3d5/2/3d3/2 

228.1/231.3 

Mo° 

230.0/233.2 

Mo02 

232.3/235.5 

Mo03 

B  Is 

187.4 

B° 

191.9 

B203 

Co-Mo-B  (EG) 

C062.4M06.4B3i.2 

C058.4M06.4B35.2 

34.0 

40.4 

Co  2p3/2/2p1/2 

777.7/792.8 

Co0 

780.6/796.1 

CoO/Co(OH)2 

Mo  3d5/2/3d3/2 

228.4/231.6 

Mo° 

230.4/233.6 

Mo02 

232.6/235.8 

Mo03 
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Fig.  9.  HG  kinetics  of  the  systems  composed  of  10  g  of  x  wt%  NaBH4  +  5  wt%  NaOH  (x  =  10, 15,  20,  25  and  30)  aqueous  solution  with  the  presence  of  20  mg  of  Co-B  (AQ,  left),  Co- 
Mo-B  (AQ,  middle)  and  Co-Mo-B  (EG,  right)  catalysts,  respectively. 


reports  dealt  with  dilute  fuel  solution  with  a  NaBH4  concentration 
lower  than  20  wt%  [33,34].  However,  our  present  study  showed 
that  it  is  possible  to  obtain  high  hydrogen  capacity  from  concen¬ 
trated  NaBH4  solution  by  using  a  highly  active  catalyst. 

Fig.  9  compares  the  HG  performance  of  the  systems  with 
different  NaBH4  concentration  and  with  the  presence  of  Co-B  (AQ), 
Co-Mo-B  (AQ)  and  Co-Mo-B  (EG)  catalysts,  respectively.  In  all  the 
measurements,  no  attempt  was  made  to  control  the  reaction 
temperature.  It  was  observed  that  the  systems  with  a  low  NaBH4 
concentration  exhibited  fast  HG  kinetics  and  high  fuel  conversion, 
and  increasing  the  NaBH4  concentration  resulted  in  a  degradation 
of  the  HG  performance.  This  should  be  attributed  to  the  solubility 
limitation  of  the  NaB02  by-product.  With  the  hydrolysis  reaction 
proceeding,  the  accumulated  borate  may  cover  the  surface  of  the 
catalyst  particles,  resulting  in  the  apparent  deactivation  of  the 
catalyst.  Meanwhile,  the  accumulated  by-product  may  also  block 
the  contact  of  the  residual  reactant  with  water,  causing  serious 
mass-transfer  limitation.  But  notably,  the  system  employing  Co- 
Mo-B  (EG)  catalyst  exhibited  distinct  property  advantages  over 
the  systems  catalyzed  by  the  Co-B  (AQ)  and  Co-Mo-B  (AQ).  Even 
for  the  system  with  a  30  wt%  NaBH4  concentration,  the  usage  of 
Co-Mo-B  (EG)  catalyst  enabled  a  100%  fuel  conversion  within 
12  min.  Here,  it  should  be  noted  that  the  applied  NaBH4  concen¬ 
tration  (30%)  is  very  close  to  its  theoretical  value  following  Eqn.  (1) 
(x  =  2),  especially  after  taking  the  NaOH  additive  into  account. 
Presumably,  this  exceptional  HG  performance  should  be  under¬ 
stood  as  the  combined  effects  of  following  aspects:  rapid 
proceeding  of  the  exothermic  hydrolysis  reaction  causes  tempera¬ 
ture  rising  of  the  fuel  solution,  and  thereby  increase  of  the  solubility 
of  NaB02.  Vigorous  bubbling  of  H2  can  effectively  repel  the  viscous 
by-product  off  the  catalyst  surface  and  meanwhile,  promote  the 
mass  transfer  of  reactants  to  the  catalyst  surface. 

The  system  using  concentrated  NaBH4  solution  has  a  high 
hydrogen  capacity,  but  its  HG  kinetics  at  early  stages  is  slow.  Our 
study  found  that  this  problem  can  be  solved  by  extra  addition  of 
a  small  amount  of  Al  powder.  The  rationale  behind  this  approach  is 
the  mutual  promotion  between  the  hydrolysis  reaction  of  NaBH4 
and  A1/H20  reaction  [39,40],  that  is,  the  alkaline  NaBH4  solution  can 


effectively  disrupt  the  passivation  layer  on  the  surface  of  Al  and 
thereby  promote  the  A1/H20  reaction.  As  the  A1/H20  reaction  is 
highly  exothermic,  its  proceeding  will  cause  temperature  rising  of 
the  fuel  solution,  which  in  turn  promotes  the  hydrolysis  reaction  of 
NaBH4.  As  seen  in  Fig.  10,  simultaneous  addition  of  Co-Mo-B  (EG) 
catalyst  and  Al  powder  to  the  NaBH4  fuel  solution  immediately 


Fig.  10.  Comparison  of  HG  rate  (top),  yield  (middle)  and  reaction  temperature 
(bottom)  between  the  systems:  (a)  10  g  of  30  wt%  NaBH4  +  5  wt%  NaOH  solution  with 
the  presence  of  20  mg  of  Co-Mo-B  (EG)  catalyst;  (b)  system  (a)  with  an  extra  addition 
of  0.2  g  of  Al  powder. 
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initiated  vigorous  H2  release.  The  system  reached  its  maximum  HG 
rate  of  ~4200  mL  min-1  (corresponding  to  210  L  min-1  g-1  cata¬ 
lyst)  after  1.3  min,  and  achieved  a  96%  fuel  conversion  within  about 
5  min.  This  HG  performance  is  much  better  than  that  of  the  system 
without  Al  additive.  As  an  indication  and  actually  a  major  reason  for 
the  kinetics  advantage,  we  observed  a  much  faster  temperature  rise 
in  the  system  containing  NaBH4  +  Al  dual  fuels  relative  to  the 
NaBH4-based  system.  The  system  composed  of  10  g  of  30  wt% 
NaBH4  +  5  wt%  NaOH  aqueous  solution,  0.2  g  of  Al  powder  and 
20  mg  of  Co-Mo-B  (EG)  catalyst  yielded  a  material-based 
hydrogen  capacity  of  6.2  wt%.  On  the  basis  of  the  market  prices  of 
NaBH4  ($20/kg)  and  Al  ($2.4/kg),  the  hydrogen  production  cost  of 
the  present  system  is  estimated  to  be  around  $100/kg.  This  is 
clearly  much  higher  than  the  US  Department  of  Energy  cost  target 
($2— 3/kg).  But  a  favorable  combination  of  high  hydrogen  capacity, 
fast  HG  kinetics,  high  fuel  conversion  and  safe  fuel  storability 
makes  the  newly  developed  system  promising  for  portable 
hydrogen  storage  applications. 

4.  Conclusions 

A  high-performance  Co-Mo-B  powder  catalyst  has  been 
prepared  by  chemical  reduction  method  using  an  ethylene  glycol 
solution  of  C0CI2.  In  comparison  with  the  Co-B  and  Co-Mo— B 
catalysts  prepared  in  aqueous  solution,  the  newly  synthesized 
catalyst  exhibits  remarkably  improved  catalytic  activity  toward  the 
hydrolysis  reaction  of  NaBH4.  According  to  a  combination  of  phase, 
microstructure  and  elemental  chemical  state  analyses,  this  prop¬ 
erty  advantage  should  be  understood  as  combined  effects  of 
modified  electronic  structure  arising  upon  incorporation  of  Mo, 
reduced  particle  agglomeration  and  alleviated  surface  oxidation  of 
the  catalyst.  Owing  to  its  exceptionally  high  catalytic  activity,  the 
Co-Mo-B  catalyst  can  effectively  catalyze  the  hydrolysis  reaction 
of  NaBH4  with  a  concentration  as  high  as  30  wt%.  In  particular,  the 
combined  usage  of  Co-Mo-B  catalyst  and  a  small  amount  of  Al 
powder  enabled  rapid,  high-yield  and  high-capacity  hydrogen 
generation  from  concentrated  NaBH4  solution.  Our  findings  are  of 
clear  significance  for  the  development  of  practical  NaBH4-based 
hydrogen  generation  system  for  portable  applications. 
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